Disruption of NF-E2-related factor (Nrf2), a redox-sensitive basic leucine zipper transcription factor, causes early-onset and more severe emphysema due to chronic cigarette smoke. Nrf2 determines the susceptibility of lungs to cigarette smoke-induced emphysema in mice through the transcriptional induction of numerous antioxidant genes. The lungs of Nrf2Ϫ/Ϫ mice have higher oxidative stress as evident from the increased levels of lipid peroxidation (4-hydroxy-2-nonenal) and oxidative DNA damage (7,8-dihydro-8-Oxo-2deoxyguanosine) in response to cigarette smoke. Glutathione peroxidases (GPX) are the primary antioxidant enzymes that scavenge hydrogen peroxide and organic hydroperoxides. Among the five GPX isoforms, expression of GPX2 was significantly induced at both mRNA and protein levels in the lungs of Nrf2؉/؉ mice, in response to cigarette smoke. Activation of Nrf2 by specific knock down of the cytosolic inhibitor of Nrf2, Keap1, by small inhibitory RNA (siRNA) upregulated the expression of GPx2, whereas Nrf2 siRNA down-regulated the expression of GPX2 in lung epithelial cells. An ARE sequence located in the 5 promoter-flanking region of exon 1 that is highly conserved between mouse, rat, and human was identified. Mutation of this ARE core sequence completely abolished the activity of promoter-reporter gene construct. The binding of Nrf2 to the GPX2 antioxidant response element was confirmed by chromatin immunoprecipation, electrophoretic mobility shift assays, and site-directed mutagenesis. This study shows that GPX2 is the major oxidative stress-inducible cellular GPX isoform in the lungs, and that its basal as well as inducible expression is dependent on Nrf2.
tive genes can be induced in a rapid and highly coordinated response to oxidants through the activation of redox-sensitive transcription factors. The coordinated induction of these genes is fundamental to maintaining antioxidant protection against both free radical and electrophilic species that arise from exposure to cigarette smoke. We recently showed that in response to oxidative stress due to cigarette smoke (CS) exposure, Nrf2, a basic leucine zipper transcription factor, detaches from its cytosolic repressor kelch-like ECH-associated protein 1 (Keap1), and binds to the antioxidant response element (ARE) in the promoter of target antioxidant genes, leading to their transcriptional induction in lungs (7) . Glutathione peroxidases (GPX) are the primary antioxidant enzymes that scavenge hydrogen peroxide or organic hydroperoxides and thus protect biomembranes and cellular components against oxidative stress (8) . GPX has also been shown to protect against peroxinitrite, a potent oxidant generated from the reaction of superoxide (O 2 •Ϫ ) and nitrous oxide. The isoforms of GPx differ in their primary structure and localization. The classic cytosolic-mitochondrial GPX1 (cGPX) is a selenium-dependent enzyme and was the first of the GPx family to be discovered. GPX2, which is also known as gastrointestinal GPX, is a cytosolic enzyme expressed predominantly in the epithelium of the gastrointestinal tract. Extracellular plasma GPx (pGPx, or GPx3) is expressed mainly in the kidney, from where it is released into the blood circulation. Phospholipid hydroperoxide (GPx4) is expressed in most tissues, and GPx5 (or eGPx) is epididymis-specific secretory GPx (8, 9) .
Nrf2 in response to CS regulates expression of genes involved in two major redox systems, the glutathione (GSH) and thioredoxin systems. Among the various isoforms of GPx, GPx2 showed maximum induction in lungs of mice in response to CS (3) . Similarly, in humans GPx2 had the highest transcriptional induction in the airway epithelium of smokers compared with nonsmokers (10, 11) . A better understanding of the regulation of important downstream target genes of Nrf2 such as GPX will help elucidate its protective role in lungs in response to oxidative stress caused by environmental pollutants. Here, we show that GPx2 is the only isoform of GPx that is induced in the lungs in response to CS, and that both basal and CS-inducible expression are directly dependent on Nrf2.
MATERIALS AND METHODS

Animals and Care
Nrf2-deficient CD-1 (ICR) mice were generated as described (12) . Mice were genotyped for Nrf2 status by PCR amplification of genomic DNA extracted from blood as described previously (3) . All experimental protocols conducted in the mice were performed in accordance with the standards established by the U.S. Animal Welfare Acts, set forth in the National Institutes of Health guidelines and the Policy and Procedures Manual of the Johns Hopkins University Animal Care and Use Committee.
Cell Culture
A549 cells, human alveolar type II epithelial cell line, were obtained from American Type Culture Collection (Rockville, MD) and cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA).
Exposure to CS
Eight-week-old mice were divided into four groups (n ϭ 3 per group): I, control Nrf2ϩ/ϩ mice; II, experimental Nrf2ϩ/ϩ mice; III, control Nrf2Ϫ/Ϫmice; and IV, experimental Nrf2Ϫ/Ϫ mice. Groups I and III were kept in a filtered air environment, and groups II and IV were subjected to CS according to the protocol of Rangasamy and coworkers (3) . CS exposure was performed by burning 2R4F reference cigarettes (2.45 mg nicotine per cigarette; purchased from the Tobacco Research Institute, University of Kentucky, Lexington, KY) using a smoking machine (Model TE-10; Teague Enterprises, Woodland, CA) as previously described (3) .
Immunohistochemical Staining of 4-Hydroxy-2-Nonenal
Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice exposed to CS for 1 mo (7 h/d) were killed and the lungs dissected out for staining with antibody to 4-hydroxy-2-nonenal (4-HNE). Antigen retrieval was performed for 20 min with vector citrate buffer, and the slides were washed in 1ϫ PBS for 5 min. Sections were incubated with normal blocking serum for 20 min, followed by incubation overnight at 4ЊC with primary 4-hydroxynonenal antibody (1:1,000) (Vector Labs, Burlingame, CA). The slides were then washed in 1ϫ PBS for 5 min and incubated with diluted biotinylated universal secondary antibody solution for 30 min. Next the slides were washed for 5 min in 1ϫ PBS and incubated with VECTASTATIN ABC-AP reagent (Vector Labs) for 30 min. The slides were then washed for 5 min in PBS and incubated with alkaline phosphatase substrate (5 min). The sections were rinsed in distilled water and counterstained with hematoxylin QS for 30 s. Finally, the sections were rinsed in distilled water, dehydrated, and mounted.
Immunohistochemical Localization of 8-Oxo-dG in the Lungs
To detect the oxidative DNA damage marker 7, 8-dihydro-8-Oxo2Јdeoxyguanosine (8-Oxo-dG), the mice were exposed to CS for 1 mo (5 h/d). Lungs were inflated with 10% buffered formalin and embedded in paraffin. The lung sections were incubated with anti-8-oxo-dG antibody and stained using the Iso-IHC DAB kit (InnoGenex, San Ramon, CA) using mouse antibodies. Normal mouse-IgG1 antibody was used as a negative control (3).
Immunohistochemical Staining of GPx2
Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice were exposed to CS for 5 h. After 24 h, mice were killed and the lungs dissected out for staining with antibody to GPX2. Six-micron-thick lung sections were heated at 95ЊC for 10 min in 10 mM citrate buffer (pH 6) and allowed to cool for 10 min. The sections were blocked in 10% donkey serum for 30 min; endogenous biotin was blocked using an avidin-biotin blocking kit (Zymed, South San Francisco, CA). Sections were then incubated with 1.0 g/ml goat anti GPX antibody for 18 h at 4ЊC. Nonimmune goat IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) was used as a negative control. Antibody binding was detected by incubation with biotinylated donkey anti-goat antibody diluted 1:1,000 (Jackson ImmunoResearch Laboratories). Antibody binding was visualized by incubation with avidin-peroxidase conjugate (Vector Laboratories, Burlingame, CA) for 30 min and DAB (Zymed) for 5 min.
GPX Enzyme Activity Assay
To measure the enzyme activity of GPX, mice were exposed to CS for 5 h and killed after 24 h. The lungs were excised (n ϭ 5 per group) and processed as described (3) . GPx activity was measured according to the procedure of Flohé and Gunzler using t-butyl hydroperoxide as the substrate (13) .
Quantitation of GPx mRNA Expression
To measure the enzyme activity of GPX, mice were exposed to CS for 5 h. Total RNA was extracted from lung tissues and or cells with TRIzol reagent (Invitrogen, Carlsbad, CA) and reverse transcribed using Superscript First Strand Synthesis system (Invitrogen) as per the manufacturer's instructions. Quantitative real-time RT-PCR analyses of murine GPx1, GPx2, GPx3, and GPx4 and human GPx2 were performed by using assay on demand primers and probe sets from Applied Biosystems (Foster City, CA). Assays were performed by using the ABI 7000 Taqman system (Applied Biosystems). GAPDH was used for normalization.
Western Blot
Western blot analysis of GPX2 was performed by following the protocol described by Banning and colleagues (14) . Briefly, 50 g of total protein were separated by 15% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred to PVDF membrane by semi-dry blotting. The PVDF membrane was blocked and incubated with polyclonal rabbit anti-GPX2 antibody (1:500) or actin (1:1,000) followed by incubation with horseradish peroxidase-conjugated secondary antibody and developed using an ECL chemilumineiscence detection system (Amersham Biosciences, Piscataway, NJ).
Identification of ARE(s) in the Promoter of GPx2
To identify the presence and location of ARE(s) in the GPx2 promoter, the 2-kb upstream region from the translation start site was downloaded from the NCBI database (Human Genome resources, www.ncbi.nlm. nih.gov/genome/guide/human). The 2-kb sequence was used to search for ARE(s) with the help of Genamics Expression 1.1 software (Hamilton, New Zealand) using the primary core sequence of ARE (RTGAYNNNGCR) as the probe. The location of Transcription start site for human GPX2 gene has already been experimentally determined (15) . The promoter sequence of mouse and rat homologs of GPx2 were downloaded from the NCBI database and scanned for the presence of ARE. The Position of the transcription start site for mouse GPx2 was determined using Mouse Genome Build 33, version 1 of NCBI database. The transcription start site for rat GPx2 gene was determined using the Rat Genome Build 2.
Plasmids and Mutagenesis
The 5Ј flanking region of human GPX2 promoter region (Ϫ2,030 to ϩ539) was PCR amplified from genomic DNA isolated from human blood with high-fidelity Taq polymerase (Applied Biosystems). The isolated PCR product was ligated into pCR2.1 (Invitrogen), and a KpnIXhoI fragment from this construct was cloned into pGL3 basic vector (Promega, Madison, WI). Two deletion constructs (Ϫ1,029 to ϩ539 and Ϫ140 to ϩ539) were generated from the full-length promoter construct. The primers used for amplification were forward 1 (Ϫ2,030), CAGAGAAAGACCCTGTCTCAAT; forward 2 (Ϫ1,029), GCTAG GTCAA-GCCCCATTGCTAG; and forward 3 (Ϫ140), GCTCTGGTTT CCTGTAAGCAGTGAATTAT. The reverse primer (ϩ539) was the same for all three deletion constructs: TATGTCACATGC-ACCTA AAGACCTAGCTTA. A 201-base pair (bp) fragment containing the ARE (Ϫ140/ϩ60) was amplified by PCR from the full-length promoter vector and ligated into the pTAL luciferase reporter vector (BD Biosciences, San Jose, CA). Mutated ARE sequences were generated by using a site-directed mutagenesis kit from Stratagene (La Jolla, CA). Primers containing the mutated ARE sequences GACCTGTTTTTGC TAAGGCCTCCTGGGGATGCTCAAAG (ARE-Mu1) and CAGGT GGG-GACCTGTTTTTTATAAGTCATCCTGGGGATGC (ARE-Mu2) were used for PCR amplification of the mutated GPx2 promoter, and PCR products were digested with DpnI for 1 h to cleave the wild-type promoter. The mutation of each promoter was verified by sequencing. The NQO1 ARE reporter construct contains a 41-bp rQR-ARE/EpRE inserted into a TATA-Inr minimal promoter vector (16) .
Screening of Nrf2 and Keap1 siRNA Duplexes
Nrf2 siRNA duplexes and Keap1 siRNA duplexes were purchased from Dharmacon Research, Inc. (Lafayette, CO) ( Table 1) . We first identified siRNA sequences that permitted potent and selective silencing of the human Nrf2 or Keap1 coding sequence. To confirm the specificity of the inhibition, the siCONTROL nontargeting siRNA 1 (SS siRNA) with microarray-defined signature was used as a negative control. Cells in the exponential growth phase were plated in 6-well plates at a density of 5 ϫ 10 5 cells/well, grown for 12 h, and then transfected with 20 pmol 24, 48 , and 72 h after transfection using assay on demand primers and probe sets from Applied Biosystems. Assays were performed using the ABI 7000 Taqman system (Applied Biosystems). GAPDH was used for normalization.
DNA Transfection and Luciferase Activity
Cells were transfected at 85% confluence using Lipofectamine 2000 (Invitrogen). Briefly, cells were seeded in 24-well plates at a density of 2 ϫ 10 5 cells/ml and grown overnight. Next day, cells were transfected with 5 pmol of siRNA duplexes using Lipofectamine 2000 and OPTI-MEMI reduced serum medium (Invitrogen) according to the manufacturer's protocol. Medium containing 30% serum was added 5 h after the transfection was begun, and cells were incubated for another 7 h. After ‫ف‬ 12 h, the media containing siRNA complex was removed and fresh transfection complex containing 200 ng of plasmid DNA, 1 ng of pRL-TK plasmid (Promega), and transfection reagent were added to each well in the presence of fetal bovine serum. Cells were incubated for another 36 h. After 48 h, cells were lysed and Renilla and firefly luciferase activities measured using the dual luciferase assay kit (Promega) with a luminometer (EG&G Wallac, Gaithersberg, MD). Luciferase activity was normalized relative to Renilla luciferase activity, the internal control.
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay (EMSA) was performed according to our previously described procedure (3). GPX2 wild-type ARE was annealed and end labeled with [␥-32 P]. For gel shift analysis, 10 g of nuclear proteins isolated from the lungs of air-and CS-exposed (5 h) Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice were incubated with the labeled human GPX2 ARE and the mixtures analyzed on a 5% nondenaturing polyacrylamide gel. To determine the specificity of the proteins binding to the ARE sequence, 100-fold excess of unlabeled competitor oligo (ARE consensus sequence) was incubated with the nuclear extract for 10 min before the addition of radiolabeled probe. The 32 P-labeled consensus sequence for the octamer transcription factor 1 was used as a control for gel loading. Similarly, 10 g of nuclear proteins isolated from A549 cells transfected with Nrf2, Keap1, or SS siRNA were incubated with radiolabeled wild-type ARE. The competition assays were performed with 50-fold and 100-fold excess of unlabeled wild-type ARE, unlabeled mutant ARE-Mu1, and unlabeled mutant ARE-Mu2. The wild-type ARE oligo sequence used for EMSA was ACCTGTTTTTGCTAAGT CATCC-TG, the ARE-Mu1 oligo sequence was ACCTGTTTTTGC TAAGGCCTCCTG, and the mutant ARE-Mu2 oligo sequence was CTGTTTTTTATAAGTCATCCTGGG. For supershift analysis, the labeled wild-type ARE was first incubated for 30 min with 10 g of nuclear protein and then with 4 g of anti-Nrf2 antibody (Nrf2 sc-722X; Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h. Normal rabbit IgG (4 g) was used as a control for the supershift assay.
Chromatin Immunoprecipiation Assay
Cells ‫ف(‬ 10 7 ) were transfected with Keap1, Nrf2, and nonspecific siRNA. After 72 h, the cells were harvested and the chromatin immunoprecipitation (CHIP) assay was performed by using a commercially available kit (Upstate Biotechnology, Lake Placid, NY). Immunoprecipitates and total chromatin input were reverse cross-linked, DNA was isolated and 1 l of DNA was used for PCR (35 cycles) with primers specific for the GPX2 promoter. The GPX2 promoter primer sequence is: forward, CATAGATATCAATTGGCCCTTCC; reverse, CAGGATGACTTAG CAAAAACAGGT.
High-Performance Liquid Chromatography Analysis of Lipid Peroxidation Products
The thiobarbutyric acid reactive substances (TBARS) in the cells were quantified using the high-performance liquid chromatography (HPLC) method of Agarwal and Chase (17) . Briefly, the cell pellets were sonicated on ice with PBS (containing 0.02% BHT). Fifty microliters of the homogenate was incubated with a solution containing 1 l of BHT (250 mM BHT), 50 l of TCA (20%), and 200 l of thiobarbutyric acid (0.67% [wt/vol] in 100 ml/liter glacial acetic acid [pH 3.5]) in a boiling water bath for 45 min. The samples were allowed to cool for 10 min at room temperature. Three hundred microliters of n-butanol was added to the sample, vortexed, and centrifuged for 5 min at 13,000 ϫ g. To quantify the TBARS in the sample, 50 l of the organic layer was injected on a Supelcosil LC-18 HPLC column (4.6 ϫ 250 mm; Supelco, Bellefonte, PA) with a mobile phase consisting of 50 mM potassium phosphate pH 6.4, 52.5% methanol at a flow rate of 1 ml/min using a Hewlett Packard 1050 chromatography system (Agilent, Palo Alto, CA). TBARS were detected by fluorescence (ex. 515 nm, em. 553) using a Hewlett Packard fluorescence detector (Agilent) and quantified using a standard curve of 1,1,2,2-tetraethoxypropane (10-0.625 M). The values are represented as nmoles of TBARS/mg of protein.
MTT Cell Viability Assay
Cells were transfected with 50 nM siRNAs two times with a 48-h interval and, 24 h after the second transfection, cells were plated at a density of 7,500 cells/well in 180 l of growth media in 96-well plates. After 12 h, cells were treated with various concentrations of CS condensate (Murthy Pharmaceuticals, Lexington, KY) for 48 h. Cell viability was evaluated by using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma, St. Louis, MO) reduction conversion assay (18) . Cell survival was expressed as absorbance relative to that of untreated controls. Results are presented as means Ϯ SD.
Statistical Analysis
Results are presented as the means Ϯ SE. Statistical comparisons were performed by paired Student's t tests. A value of P Ͻ 0.05 was considered statistically significant.
RESULTS
Increased Oxidative Stress Due to CS Exposure in Nrf2-Deficient Mice
Immunohistochemical staining with anti-4HNE and anti-8-OxodG antibodies were used to assess oxidative damage in the lungs of CS exposed Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice. In response to 1 mo CS exposure, formation of the aldehyde 4-HNE was higher in lungs from Nrf2Ϫ/Ϫ mice than in lungs from wild-type mice ( Figure 1A) . Levels of 8-Oxo-dG, which is a sensitive biomarker of oxidative DNA damage, were greatly elevated in the alveolar epithelial cells of the lungs from CS exposed Nrf2Ϫ/Ϫ mice compared with the CS exposed Nrf2ϩ/ϩ mice, as well as the respective air-exposed control mice ( Figure 1B ). These observations further document the occurrence of excessive oxidative stress in the lungs of Nrf2-deficient mice exposed to chronic CS.
CS Induces GPx2 Gene Expression in Lungs
We exposed Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice to CS for 5 h and examined the expression of all four GPx isoforms by real-time reverse transcriptase-polymerase chain reaction (RT-PCR). The basal transcript level of GPx2 mRNA was 50% higher in Nrf2ϩ/ϩ mice than in Nrf2Ϫ/Ϫ mice. The GPx2 mRNA level was further up-regulated by 2-fold in response to CS in Nrf2ϩ/ϩ mice. Overall, there was a 3-fold increase in CS-inducible GPx2 mRNA between genotypes, as no induction was observed in the lungs of CS-exposed Nrf2Ϫ/Ϫ mice. Transcript levels of GPx1, GPx3, and GPx4 did not change significantly in Nrf2ϩ/ϩ mice in response to CS, and expression GPx1 and GPx4 was downregulated in response to CS in Nrf2Ϫ/Ϫ mice (Figure 2A) .
Western blot analysis of lung proteins using GPX2 antibody showed that GPX2 protein was present constitutively and that its level increased significantly on exposure to CS in Nrf2ϩ/ϩ mice. By contrast, GPX2 protein was remarkably low or undetectable in Nrf2Ϫ/Ϫ mice and did not change significantly with CS exposure (Figures 2B and 2C ). Total GPX enzyme activity was increased in the lungs of CS-exposed Nrf2ϩ/ϩ mice in response to CS ( Figure 2D ). The measured increase in total GPX activity probably represents the cytosolic GPX2 isoform, which would be compatible with the increased mRNA and protein levels of GPX2 seen in response to CS exposure in Nrf2ϩ/ϩ mice. However, interpretation of such activity measurements is confounded by the fact that the specific activities of individual enzymes (GPX1, GPX2, and GPX3) are largely unknown and only PH-GPX activity can be determined individually by using phosphatidylcholine hydroperoxide as a substrate.
Immunohistochemical staining with anti-GPX2 antibody revealed an increased number of GPX2-stained airway epithelial cells in the lungs of CS-exposed Nrf2ϩ/ϩ mice when compared with its knockout counterpart and the age-matched control mice ( Figure 2E ). Nrf2Ϫ/Ϫ mice showed reduced level of staining with GPX2 antibody, further suggesting that Nrf2Ϫ/Ϫ mice have reduced levels of GPX2 protein.
siRNA-Mediated Knockdown of Nrf2 Results in Down-Regulation of GPX2 Expression
To further elucidate the role of Nrf2 in regulating transcription of GPX2, we used Nrf2 siRNA to inhibit Nrf2 function. We first 
. CS exposure induces expression of GPx2 in lungs in
Nrf2ϩ/ϩ mice. (A ) Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice were exposed to CS for 5 h and total RNA was isolated. Expression levels of GPx1, GPx2, GPx3, and GPx4 genes were analyzed by realTime RT-PCR. GAPDH was used for normalization. Data are represented as fold change over air-exposed Nrf2Ϫ/Ϫ group. (B ) GPX2 protein levels in the lungs of Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice. Mice were exposed to CS for 5 h, and lung protein was isolated after 24 h and used for Western blot analysis. Data are represented as fold change over air-exposed Nrf2Ϫ/Ϫ group. (C ) Quantitation of GPX2 protein expression in the lungs of air and CS-exposed Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice. (Mean Ϯ SE of the GPX2 / actin protein ratio in three independent samples). (D ) Total GPX enzyme activity in the lungs of Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice exposed to CS (5 h) and air. Values are means Ϯ SE from three different experiments. * Significant as compared with the control of the same genotype; † significant between the genotypes of same treatment group (P р 0.05). (E ) Increased GPX2 activity in the airway epithelial cells of CS-exposed Nrf2 wild-type mice. The lung sections (n ϭ 3) from the air or CS-exposed (5 h) Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice were stained with goat anti-GPX2 antibody. More intense staining was observed in the epithelial cells lining the small as well as large airways of CS-exposed Nrf2ϩ/ϩ mice. Weak staining was observed in the alveolar septal cells of CS-exposed Nrf2ϩ/ϩ mice. Weak or no staining was observed in the lung sections of the CS-exposed Nrf2Ϫ/Ϫ mice and the air-exposed Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ mice. SA, small airway; LA, larger airway. Magnification: ϫ20.
identified siRNA sequences that permit potent and selective silencing of human Nrf2 gene. siRNAs were designed to target four different regions spanning the Nrf2 cDNA. The siRNA duplexes were transfected into A549 cells, and 48 h later cells were harvested and Nrf2 message was quantified by real-time RT-PCR. The time points for measuring the effects of siRNA in these cells were chosen after preliminary optimization experiments (data not shown). To confirm the specificity of the inhibition, the siCONTROL nontargeting siRNA 1 (SS siRNA) with microarray defined signature was used as a negative control. All the siRNA duplexes targeting Nrf2 displayed significant reductions in Nrf2 message (Ͼ 60%). Duplex-2 showed maximum knockdown of the Nrf2 message (Ͼ 85%) and was chosen for further experiments ( Figure 3A) . The cells transfected with nontargeting siRNA showed no evidence of silencing and contained Nrf2 levels comparable with the vehicle control. To further confirm the specificity of the inhibitory effect of duplex-2 on Nrf2 gene expression, we measured the transcript level of GCLc, a well-characterized target of Nrf2 (19) . Decreases in Nrf2 transcript by duplex-2 resulted in parallel decreases in GCLc transcript ( Figure 3B ), which suggests that the decrease in Nrf2 protein resulted in down-regulation of transcription of AREdependent genes. In addition, we transfected the NQO1-ARE reporter vector into A549 cells already transfected with Nrf2 siRNA or SS siRNA. Nrf2 is the only protein known to strongly activate the ARE, and hence the measurement of an ARE reporter is a reliable measure of the efficiency of Nrf2 silencing by siRNA. As shown in Figure 3C , cells transfected with Nrf2 siRNA displayed significant reduction in the amount of ARE luciferase activity as compared with the cells transfected with SS siRNA.
To test whether time-dependent degradation of Nrf2 message results in a parallel decrease in GPX2 transcription, we isolated total RNA 24, 48, and 72 h after transfection of Nrf2 siRNA and quantified Nrf2 and GPX2 transcripts by real-time RT-PCR. The Nrf2 message level decreased with time, and the maximum knockdown ‫ف(‬ 75%) was observed at 72 h ( Figure 3D ). GPX2 message followed a similar trend, with the maximum inhibition ‫ف(‬ 75%) of GPX2 transcription at 72 h after transfection ( Figure  3E ). Western blot analysis of proteins isolated from A549 cells after 72 h of transfection with Nrf2 siRNA showed that the decrease in Nrf2 message led to a parallel decrease in GPX2 protein at 72 h ( Figure 4F ), indicating that Nrf2 is essential for basal expression of GPX2 in lungs. 
Nrf2 Activation Induces GPX2 Expression in Lung Epithelial Cells
Next we examined whether activation of Nrf2 induces GPX2 expression in A549 cells. We used Keap1 siRNA to activate the expression of Nrf2 dependent genes. siRNA duplexes targeting Keap1 mRNA were screened, and duplex-3 was selected for further experiments ( Figure 4A ). To further confirm the specificity of the inhibitory effect of duplex-3 on Keap1 gene expression and activation of Nrf2, we measured the transcript level of NQO1, another well-characterized target of Nrf2 (20, 21) . Decreases in Keap1 transcript levels by duplex-3 resulted in parallel increase in NQO1 transcript levels ( Figure 4B ). To establish that degradation of the Keap1 transcript results in activation of Nrf2, we transfected A549 cells with Keap1 siRNA or SS siRNA followed by second transfection with NQO1-ARE reporter vector and measured luciferase activity. As shown in Figure 4C , cells transfected with Keap1 siRNA displayed a significant increase in the amount of ARE luciferase activity as compared with the cells transfected with SS siRNA. To demonstrate that activation of Nrf2 results in upregulation of GPX2 transcription, we isolated total RNA after 24, 48, and 72 h of transfection and quantified Keap1 and GPX2 transcripts by realtime RT-PCR. Keap1 transcript levels decreased with time and maximum knockdown of Keap1 mRNA was achieved at 72 h (Ͼ 85%) ( Figure 4D ). However, the initial decrease in Keap1 message did not alter the GPX2 message level, which remained unchanged until 48 h and increased by 3-fold at 72 h ( Figure  4E ). The above observation suggests that near complete knockdown (Ͼ 80%) of Keap1 is essential for nuclear accumulation of Nrf2 and consequent upregulation of the transcription of GPX2. Increased GPX2 mRNA was reflected in increased levels of GPX2 protein in A549 cells in response to down-regulation of Keap1 expression by siRNA (Figures 4F and 4G) .
Next we treated the A549 cells transfected with Nrf2 siRNA or SS siRNA with multiple oxidative stress-inducing agents. The cells were exposed to 400 M tert-butyl hydroperoxide (tBHP), 400 M tert-butyl hydroquinone (tBHQ) for 4 h, and cigarette smoke condensate (100 g/ml) for 12 h, and the GPX2 induction in response to these treatments was quantified by real-time RT-PCR. SS siRNA-transfected cells up-regulated the expression of GPX2 in response to all three oxidative stress inducing agents, whereas cells transfected with Nrf2 siRNA did not show any induction when exposed to these agents, suggesting that Nrf2 is essential for the inducible expression of GPX2 ( Figure 4H ).
ARE Mediates the Transcriptional Regulation of GPX2
To decipher the underlying mechanism of GPX2 induction by Nrf2, we examined the human GPX2 genomic locus in detail for the presence of ARE consensus sequences. Functional AREs, such as the one in HO-1 or the NQO1 gene, are often represented by an extended ARE consensus sequence (5Ј-TMAnnRTGAYnnnGCR-wwww-3Ј), and detailed in silico analysis of the human GPX2 genomic locus revealed a potential ARE sequence in the 5Ј region of the first exon (ϩ23), which correlates with ARE sequence identified by Banning and coworkers (14) . The ARE sequence matches the long ARE consensus sequence and is similar to the ARE identified in the human HO-1, NQO1, and GCLm regulatory elements. NCBI database searches led to the identification of a putative ARE sequence in the mouse (ϩ12) and rat GPx2 promoters (Ϫ140). The ARE consensus sequence is highly conserved between mouse, rat, and human promoter sequences ( Figure 5A ).
The promoter activity of GPX2 was measured using a luciferase reporter system to further test the hypothesis that nuclear translocation of Nrf2 may enhance transcriptional activation of GPX2. Three deletion constructs (Ϫ2,030/ϩ539, Ϫ1,029/ϩ539 and Ϫ140/ϩ539) had similar luciferase activities, with the deletion construct containing the region between Ϫ140 and ϩ539 displaying maximal reporter activity, suggesting that this region likely contains the cis-acting enhancer elements ( Figure 5B ). The basal activity of the Ϫ140 to ϩ539 deletion construct was 8-fold higher than that of the pGL3 basic vector. The luciferase activity of the deletion construct was further increased to 15-fold in the presence of Keap1 siRNA, whereas cells transfected with Nrf2 siRNA showed only 4-fold increase in luciferase activity ( Figure 5B ). These results suggest that the region between Ϫ140 and ϩ539 contains the necessary cis-elements for directing minimal, basal, and Nrf2-inducible GPX2 expression.
Sequences containing the ARE (Ϫ130/ϩ69) were amplified from the full-length promoter construct and cloned into pTAL luciferase vector containing a TATA-like promoter (P TAL ) region from the Herpes simplex virus thymidine kinase (HSV-TK) promoter for enhancer analysis. The ARE enhancer construct in pTAL had ‫ف‬ 17-fold higher basal activity than the pTAL vector alone. The ARE enhancer had ‫ف‬ 26-fold higher luciferase activity in cells transfected with Keap1 siRNA, whereas luciferase activity was reduced to ‫ف‬ 8-fold in Nrf2 siRNA transfected cells ( Figure 5D ). To assess the contribution of these motifs (AREs) to Nrf2-dependent GPX2 promoter activity, we introduced mutations across the 20-bp region of the ARE. These alterations not only abolished the luciferase activity in the cells transfected with Keap1 siRNA, but also completely eliminated the constitutive luciferase activity in SS siRNA-transfected cells when compared with the wild-type ARE ( Figures 5C and 5D ). The luciferase reporter activity observed with ARE-Mu1 and ARE-Mu2 was same with all three siRNA and was comparable with the background luciferase activity obtained with the pGL3 Basic vector or the pTAL vector. Together, these transient transfection studies establish the role of Nrf2 in the transcriptional activation of GPX2 gene expression.
Activation of Nrf2 Leads to Increased Binding of Nuclear Proteins to GPX2 ARE
EMSA were performed to determine the activation and DNAbinding activity of Nrf2 in the lungs after acute exposure to CS (5 h). In response to CS, there was an increased binding of nuclear proteins isolated from the lungs of Nrf2ϩ/ϩ mice to an oligonucleotide probe containing the GPX2 ARE sequence as compared with the binding of nuclear proteins isolated from CSexposed Nrf2Ϫ/Ϫ mice or air-exposed control mice ( Figure 6A ). These results suggest that Nrf2 binds to the ARE and likely mediates the GPX2 ARE response to CS. Minimal binding observed in Nrf2ϩ/ϩ and Nrf2Ϫ/Ϫ air-exposed samples and Nrf2Ϫ/Ϫ CS-exposed samples represents the binding of other nuclear proteins to antioxidant response element.
Similarly, nuclear extracts were prepared from A549 cells transfected with Keap1 siRNA, Nrf2 siRNA, and SS siRNA and incubated with radiolabeled GPX2-ARE. In A549 cells transfected with Keap1 siRNA, there was an increase in binding of the nuclear proteins to the GPX2 ARE compared with cells transfected with SS siRNA. A549 cells transfected with Nrf2 siRNA showed diminished protein binding to the ARE. The binding involves a specific complex of GPX2 ARE and nuclear proteins as demonstrated by the competition assays in which cold GPX2 WT-ARE effectively competed away the complex.
By contrast, the two unlabeled mutant AREs with mutations in the core ARE sequence competed poorly with the complex. As shown in Figure 6B , excess amounts of unlabeled WT-ARE inhibited the binding of nuclear proteins to these sequences. To examine whether the protein binding to the GPX2 ARE is Nrf2, we performed supershift experiment using an antibody against Nrf2. As shown in Figure 6C , the complex was supershifted in the presence of an antibody to Nrf2. Collectively, the results from both lungs and A549 cells conclusively show that Nrf2 binds to the ARE (ϩ23) present on the human GPX2 gene.
Nrf2 Binds to the GPX2 Promoter In Vivo
We next used a CHIP assay to determine whether Nrf2 is bound to the endogenous GPX2 promoter constitutively and after activation by Keap1 siRNA. As shown in Figure 6D , Nrf2 was present in the basal transcription complex formed with GPX2 promoter in cells transfected with SS siRNA. Activation of Nrf2 by silencing Keap1 expression enhanced the recruitment of Nrf2 to the GPX2 promoter as demonstrated by increased amplification of the GPX2 promoter region. Nrf2 was present at very low or undetectable levels in cells transfected with Nrf2 siRNA, and no amplification was detected using GPX2 promoter primers. Immunoprecipitations with IgG or mock failed to select the GPX2 promoter ( Figure 6D ), which suggests that the sites were not enriched in nonspecific fashion. To gain insight into the pathway of GPX2 gene activation, we also performed a CHIP assay with an antibody to RNA-pol II. Recruitment of RNA polymerase II to the promoter of the GPX2 was observed in both Keap1 and SS siRNA transfected A549 cells. However, no amplification was detected in cells transfected with Nrf2 siRNA, which is consistent with the expectation that Nrf2 regulates transcription of GPx2.
Silencing of GPX2 by siRNA Sensitizes the Lung Epithelial Cells to Oxidative Damage
We downregulated the expression of GPX2 in A549 cells by using siRNA targeting GPX2 mRNA ( Figure 7A ) (22) . To Western blot analysis of A549 cells transfected with Nrf2, keap1, or SS siRNA. Total protein was isolated 72 h after transfection, and GPX2 protein levels were determined. ␤-Actin was used as the loading control. (G ) Quantification of GPX2 protein in the Western blots of A549 cells transfected with Nrf2, Keap1, and SS siRNA (mean Ϯ SE of the GPX2/actin protein ratio in three independent samples). * Significant when compared with SS siRNA; † significant when compared with Nrf2 siRNA-transfected A549 cells. (H ) Induction of GPX2 expression in response to multiple oxidative stress inducing agents. Cells transfected with Nrf2 siRNA or SS siRNA were exposed to tBHP (400 M), tBHQ (400 M), and CS condensate (100 g/ml), and expression of GPX2 was measured by real-time RT-PCR. *Significant when compared with vehicle-treated sample. Data are mean Ϯ SEM of three independent experiments (P р 0.05).
determine the contribution of GPX2 in protecting the lung epithelial cells against oxidative stress, we first transfected the cells with SS siRNA and GPX2 siRNA and then treated them with tBHP (400 M). The lipid peroxidation products were measured using HPLC with fluorescence detector. Treatment of GPX2 siRNA-transfected cells with tBHP significantly enhanced the formation of Thiobarbutyric acid reactive (TBARS) compared with SS siRNA-transfected cells, suggesting the occurrence of excessive oxidative stress in the absence of GPX2 in lungs ( Figure  7B ). TBARS were significantly higher in A549 cells treated with tBHP compared with vehicle-treated cells. To further validate the significance of GPX2 in conferring protection against oxidative stress, we exposed the cells transfected with GPX2 siRNA, Nrf2 siRNA, and SS siRNA to CS condensate and measured the cell viability after 48 h. Down-regulation of GPX2 or Nrf2 significantly enhanced the cytotoxicity induced by CS condensate and increased cell death ( Figure 7C ). Thus, GPX2 plays a crucial role in conferring cytoprotection against oxidative damage in lungs.
DISCUSSION
The oxidative burden in the lungs of smokers has been estimated to be very high-on the order of 10 14 free radicals per puff (23) . The potent oxidants in cigarette smoke include superoxide anion (O 2
•Ϫ ), nitric oxide (NO • ), and, through their interaction, the even more reactive peroxynitrite (ONOO Ϫ ) (25) . Semiquinones and benzoquinones present in the cigarette tar along with superoxide radicals lead to production of reactive hydroxyl radicals (
• OH) and hydrogen peroxide (H 2 O 2 ) (24) . Iron in the fluid of the epithelial lining and in tar results in the production of • OH radicals through the Fenton reaction. Some of these reactive oxygen species cause lipid peroxidation, leading to destruction of membrane lipids (4, 25) . Lipid peroxidation, a well-established mechanism of cellular injury, is used as an indicator of oxidative stress. Markers of oxidative stress (e.g., hydrogen peroxide and the end-products of lipid peroxidation, such as ethane, pentane, and 8-isoprostane) are elevated in the breath and serum of patients with chronic obstructive pulmonary disease (6, 26) . Recently, it has been reported that the degree of oxidative stress increases greatly with the severe exacerbations in COPD (6) . The levels of pulmonary antioxidants determine the degree of lung destruction as a result of inflammation and oxidative stress. Nrf2, a redox-sensitive basic leucine zipper transcription factor, is a critical determinant of susceptibility to lung inflammation and oxidative stress and the subsequent emphysema caused by chronic exposure to CS (3). Consistent with the central role of Nrf2 in protection against CS-induced stress, there was an enhanced formation of 4HNE, a marker of lipid peroxidation, and 8-Oxo-dG, a marker of oxidative DNA damage in the lungs of Nrf2Ϫ/Ϫ mice exposed to CS relative to wild-type mice.
Glutathione peroxidases decompose H 2 O 2 and organic hydroperoxides produced during oxidative insults and prevent peroxide-induced DNA damage, lipid peroxidation, and protein degradation (27) . Mice with targeted disruption of only GPx1 remain largely asymptomatic; however, a double knockout of GPx1 and GPx2 results in inflammatory bowel disease and increased cancer incidence (28) , making a role for GPx2 in preventing inflammation and carcinogenesis likely. The regulation of pulmonary GPX in response to CS has not been defined. To date, only GPx1 has been widely investigated as the representative isoform of GPx in lungs in animal models. However, a study using a mouse model with targeted disruption of GPx1 showed 569-kb portion of the GPX2 promoter was cloned into pGL3 basic luciferase reporter vector (Ϫ2,030/ϩ539) to monitor the activity of this promoter. Two deletion constructs (Ϫ1,029/ϩ539 and Ϫ140/ϩ539) were prepared by PCR. All three constructs were transfected into A549 cells transiently transfected with SS, Nrf2, or Keap1 siRNA, and luciferase activities were measured after 48 h. The three constructs had similar reporter activity. The Ϫ140/ ϩ539 deletion construct displayed the maximum reporter activity. * Significant when compared with vector control transfected with respective siRNA; † significant when compared with SS siRNA; ‡ significant when compared with Nrf2 siRNA. (C ) Reporter constructs (ARE-Mu1 and ARE-Mu2) bearing mutations in the ARE (Ϫ140/ϩ539) were generated by using the Ϫ140/ϩ539 deletion construct. These constructs were transiently transfected into A549 cells already transfected with siRNA, and luciferase reporter activity was monitored. Mutation of the ARE core sequence completely abolished the reporter activity of the deletion construct. * Significant when compared with ARE-WT. (D ) 201 bp (Ϫ140/ϩ61) ARE enhancer sequence was amplified from the full-length promoter and cloned in pTAL vector. Mutations were introduced in the ARE core sequence (ARE-Mu1 and AREMu2) by site-directed mutagenesis. These constructs were transfected into A549 cell lines transiently transfected with siRNA and luciferase activity was measured. Luciferase activities were normalized by measuring the Renilla luciferase activity from a cotransfected reporter vector. * Significant when compared with ARE-WT (n ϭ 3 independent experiments). Values are mean Ϯ SE from three different experiments (P Ͻ 0.05).
that the mice develop normally and do not show increased sensitivity to hyperoxia (29) . Accumulating evidence has suggested that GPx2 is highly inducible in lungs as a protective mechanism against lung injury inflicted by hyperoxia (3, 10, 30) , lipopolysaccharide (31) , and so on. GPx2 antagonizes oxidative stressinduced apoptosis in a p53-dependent manner (32) . In response to hyperoxia, GPx2 expression increases significantly followed by GPx3, whereas expression of the cellular isoform GPx1 does not change (29, 33) . In humans, among different isoforms of glutathione peroxidase, GPX2 showed the highest transcriptional induction in the airway epithelium of smokers compared with nonsmokers (10, 11) . Chronic CS exposure induces GPX3 expression in human airway epithelial cells and alveolar macrophages (34) . The results of the present study show that GPx2 is the only glutathione peroxidase isoform selectively upregulated in the lungs of Nrf2ϩ/ϩ mice in response to CS exposure. CS did not significantly induce the expression of GPx1, GPx3, or GPx4. Both basal and CS-inducible expressions of GPx2 are Nrf2-dependent in murine lungs. Consistent with the Nrf2-dependent gene expression patterns, GPX2 protein and enzyme activity were significantly higher in the lungs of Nrf2ϩ/ϩ mice in response to acute CS exposure. More recently, it has been shown that even a single functional allele of GPx2 can protect against inflammation in the colon (35) .
GPX2 is a cytosolic protein that efficiently reduces H 2 O 2 and fatty acid hydroperoxides, but not phospholipid hydroperoxides or cholesterol peroxides (36, 37) . The human GPX2 gene consists of two exons, codes for a 22-kD protein, and maps to Figure 6 . EMSA was used to determine the DNA-binding activity of Nrf2 to GPX2 ARE. (A ) Nuclear proteins isolated from the lungs of CS-exposed Nrf2ϩ/ϩ mice showed increased binding to GPX2 ARE than the nuclear proteins from the lungs of CS-exposed Nrf2Ϫ/Ϫ mice or air-exposed control mice. A 100-fold molar excess of cold WT-ARE was used as a competitor oligo. Octamer transcription factor 1 consensus sequence was used as the endogenous control. (38) . Mouse GPx2 maps to chromosome 12 and is 89% identical to the human gene (39) . A c/EBP element overlaps with the ARE sequence. Ubiquitous transcription element sites of the SP1 and AP series are present throughout the region. There are liver-specific sites (HNF-1, -3, and -4), several GATA sites, and a potential retinoic acid responsive element (40) . Although GPX2 expression is classically associated with the intestine, the mammalian sites that are commonly considered to be intestine-specific (NF-LPH1, SIF series, cdx series, etc.) are not present (15, 41) .
A common feature of the promoter regions of genes induced by oxidative and electrophilic insult in an Nrf2-dependent fashion is the presence of a cis-acting enhancer sequence, the ARE (7). Enhancers are DNA sequences that increase transcription in a manner that is independent of their orientation and distance relative to the RNA start site (42) . To our knowledge, all AREs have been reported in the sequences upstream of the transcription start site. However, active enhancer sequences that bind to other transcription factors are known to be present in the downstream of the transcription start site. For example, the murine immunoglobulin Hu-core enhancer lies in the second intron of the transcription unit, and the mouse Nrf2 gene contains two xenobiotic response element (XRE)-like elements located at ϩ755 (XREL2) and ϩ850 (XREL3) (43) . AREs have been identified in several antioxidant and xenobiotic genes, including mouse GSTA1 (44), HO-1 (45) , and Ferritin H (46) and rat GSTA2 (47), GSTA3 (48), NQO1 (20) , and GCLc (19) . We searched for AREs in the human GPX2 locus and identified a putative ARE in the proximal promoter region of exon 1 at ϩ23. Very recently, Banning and colleagues identified the same ARE in human GPX2 promoter and characterized it in Human Colon carcinoma (Caco) cells (14) . The GPX2 ARE is similar to the ARE found in the HO-1 or NQO1 regulatory region. Detailed sequence analysis revealed that the sequence of the GPX2 ARE is highly conserved in different species; an identical core sequence is found in human, rat, and mouse. NQO1-ARE is the only other ARE shown to be highly conserved in its sequence in human, mouse, and rat genomes (21) . The nucleotide sequences immediately adjacent to the core ARE in the human, mouse, and rat GPX2 genes are also highly conserved. We suspect that these AREs are evolutionarily conserved for GPX2 regulation.
Silencing a transcription factor post-transcriptionally by RNA interference provides a direct approach to understanding the regulation of its downstream target genes. Chemical activators, however, suffer from the limitation of having nonspecific effects on other pathways. In the present study, down-regulation of Nrf2 by siRNA in human type II A549 cells caused decreased expression of well-established target genes, such as GCLc (19) . Targeting the cytosolic repressor of Nrf2, Keap1, resulted in upregulation of Nrf2 target genes. Cells transfected with siRNA directed against Nrf2 down-regulated the expression of GPX2 mRNA and protein, whereas activation of Nrf2 by Keap1 siRNA up-regulated the expression of GPX2. These results clearly show that basal and inducible expression of GPX2 mRNA is dependent upon cellular levels of Nrf2.
The activity of the luciferase reporter construct (Ϫ2,000 to ϩ539) harboring the GPX2-ARE in pGL3 Basic vector was doubled in the A549 cells transfected with Keap1 siRNA, whereas basal reporter activity was reduced to half in the presence of Nrf2 siRNA. Studies with nested deletion constructs differing in their 5Ј ends indicated that the ARE is located between Ϫ140 and ϩ539. The reporter construct containing the putative ARE ligated to pTAL luciferase vector (contains TATA-like promoter region) was significantly activated in the presence of Keap1 siRNA, whereas reporter activity was reduced substantially in the presence of Nrf2 siRNA. Mutation of the core sequence of ARE in the pGL3 reporter vector or pTAL vector completely abolished the GPX2 promoter or luciferase reporter activity. Collectively, these results suggest that Nrf2 binds to the GPX2 ARE and regulates its expression.
In response to CS exposure, there was an increased binding of nuclear proteins from the lungs of Nrf2ϩ/ϩ mice to the GPX2 ARE sequence. This binding is presumably due to the interaction of nuclear proteins with the ARE. EMSA conducted on nuclear proteins isolated from A549 cells transfected with Nrf2, Keap1, or SS siRNA showed maximum binding to ARE in the cells transfected with Keap1 siRNA, followed by A549 cells transfected with SS siRNA. The binding of nuclear proteins with the GPX2 ARE, particularly of Nrf2 in the A549 cells, was validated by the supershift analysis with antibody to Nrf2. Binding of Nrf2 to the ARE sequence in the GPX2 promoter was further confirmed by the CHIP assay with Nrf2 antibody. Both the EMSA and the CHIP experiments demonstrated convincingly that Nrf2 is recruited to the GPX2 ARE after Nrf2 activation.
To determine the relative contribution of GPX2 in protecting the lung epithelial cells against oxidative stress, we downregulated the expression of GPX2 by siRNA and then treated them with tBHP. Treatment of A549 cells having low basal levels of GPX2 with tBHP significantly enhanced the production lipid peroxidation byproducts when compared with the cells treated SS RNA, suggesting that GPX2 is essential in protecting the cells against oxidative stress. Silencing of GPX2 or Nrf2 in A549 cells enhanced the sensitivity of these cells to oxidative stressinduced by CS condensate, further highlighting the role of Nrf2 and GPX2 in protection against oxidative damage and apoptosis (32) .
In conclusion, we found that the so-called "gastrointestinalspecific" GPX2 is the major oxidative stress-inducible isoform of GPX in the lungs in response to CS that is regulated by Nrf2. Furthermore, this isoform is dependent on Nrf2 for its basal expression in lungs. The Nrf2-dependent transcriptional regulation of GPX2 may play an important role in counteracting CSinduced oxidative stress. Basal and inducible expression of GPX2, along with other Nrf2-regulated antioxidative enzymes, may help in maintaining the pulmonary antioxidant defense to protect against chronic obstructive pulmonary disorders.
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